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How fast does an infant grow? This apparently innocuous question still awaits a complete answer, despite the substantial literature that exists on the subject. It is an important question, as it affects the construction of reference charts to monitor growth in infancy.
Charts of weight attained, also known as weight distance charts, are derived from cross sectional data, and they allow weight to be expressed as a centile relative to the reference population, adjusted for age and sex. Such charts are also used to monitor weight velocity, on the grounds that a normally growing infant stays close to his or her chosen weight centile. This means that weight faltering is often inferred from the infant's weight falling across centiles.
Weight distance centiles should not be used in this way, however, as they are derived from cross sectional data and cannot quantify changes in weight. What is needed is a velocity chart, based on longitudinal data, consisting at its simplest of mean and SD of weight increments between specified ages.1-3 The mean and SD both change with age, but to complicate matters the SD also depends on the time between measurements -the measurement error is greater over shorter periods of time.4 A saltatory pattern of growth5 will also tend to increase variability on a short timescale. This is why infant velocity charts are based on a fixed time interval, for example one month or three months, between measurements. However, infants are not usually measured this way, but are seen at unstructured times. Unless the measurement times can be fixed in advance, for example in a longitudinal research study, velocity charts are of limited value.
An alternative to the velocity chart is the Sheffield weight chart,6 which is a distance chart modified to interpret centile crossing. The usual 3rd, 50th, and 97th distance centile are augmented with extra channel lines, which are spaced to ensure that just 5% of infants shift up or down by one channel width or more during a two week interval. By good fortune, over an eight week period, the same percentage of infants can be expected to shift up or down by two channel widths.
The Sheffield chart provides velocity information on a distance chart, but like the velocity chart it has deficiencies. The first is that for measurements appreciably more than eight weeks apart, the channel widths are uninformative. The second and more fundamental issue is that of regression to the mean. Over a period of time, infant weight tends to drift (or regress) towards the median -the tendency is to become less extreme with passing time. Thus an infant on say the 2nd weight centile is likely to show catch-up growth, whereas 98th centile infants tend on average to catch down.7
A weight velocity reference that compensates for regression to the mean is called a conditional reference.8-10 It answers the question:
'Knowing the infant's previous weight, what is her likely weight now? ' Wright et al have recently used this concept to derive the thrive index, a measure of change in weight SD score between 6 weeks and 12 months which takes into account the differential patterns of growth seen in small and large babies.7 Infants whose thrive index is below the cut off are referred for further investigation.
The aim of this paper is to describe a conditional reference for infant weight gain which generalises the approach of Wright et al7 by covering any pair of ages between 4 weeks and 2 years. It calculates weight gain in terms of the change in weight distance SD score based on the UK 1990 reference,11 adjusted for regression to the mean, and gives the result as a SD score for weight gain.
Methods

REGRESSION TO THE MEAN
The concept of regression to the mean is central to the paper, yet it is unfamiliar and deserves explanation. Fundamentally a statistical phenomenon, it states that if individuals or groups of individuals are weighed once, and later weighed again, their weight centile on the second occasion tends, on average, to be nearer the median than on the first occasion. This may seem counter intuitive -surely an infant on say the 2nd weight centile ought on average to stay there rather than move to a higher centile?
It is important to realise this is a phenomenon about averages -it does not say that every infant on the 2nd centile will catch up, only that a majority will. To see why, consider a randomly selected child at say 12 months of age. Knowing nothing about her we expect her to be average for her age, with an expected weight on the population median. Now imagine we are given the information that her weight at 9 months was on the 2nd centile. How should this extra knowledge alter our expectation of her weight at 12 months? The fact that she was below the median three months earlier obviously means that she ought still to be below the median, but by how much?
There is a range of possibilities. At one extreme, if weight tracks perfectly between 9 and 12 months, then we should expect her to remain on the 2nd centile. Conversely, if there is no tracking at all between the two ages, our initial expectation will be unaltered, and we should still expect her to be on the median at 12 months. Thus the alternatives range from the 2nd to the 50th centile, depending on how strongly weight tracks between 9 and 12 months. (Her actual centile at 12 months may well be below the 2nd centile, but her average or expected centile will be above it.)
In this context tracking is synonymous with correlation, and perfect tracking requires a perfect correlation. This is impossible, so the extreme case of expecting her to remain on the 2nd centile is ruled out. Her predicted weight centile at 12 months has to be above the 2nd centile -less extreme than her weight centile at 9 months -so her weight appears to regress towards the median. The same argument, in the reverse direction, applies to infants with weight centiles above the median.
The amount of regression to the mean depends on how highly correlated weights are at the two ages, so the way to adjust for regression to the mean is to quantify this correlation. The conditional weight gain reference compares an infant's current weight distance SD score with the value predicted from their weight SD score on the previous measurement occasion. This is obtained from the linear regression of current weight SD score (call it SDS2) on previous weight SD score (SDSI) . It can be shown that the predicted value of SDS2 is given by r.SDS1, where r is the correlation coefficient between SDS, and SDS2,4 7 13 and that it is normally distributed with SD J-r2.
The correlation coefficient is always less than one, so that SDS2 is expected to become smaller (that is nearer to zero, the median) with passing time, and the correlation is a direct measure of regression to the mean. The absence of an intercept in the regression equation, the fact that the regression coefficient is equal to the correlation, and the form of the SD, all arise from the dependent and independent variables being SD scores. 4 Both the mean and SD of SDS2 conditional on SDS are known, so the conditional gain can itself be expressed as an SD score. The general formula to express quantity X as an SD score is:
Here X is 'SDS2 conditional on SDS1', which gives the conditional gain SD score: SS SDS2-r.SDS,
SDSgain=
- (1) Equation (1) This makes all the correlation variances equal to 1/(n-3), where n is the sample size used to calculate the correlation. The transformed correlation is then modelled as the dependent variable in a multiple regression equation involving sex, powers of the mean age and time gap, and interactions between them."5 The value of Z predicted from the regression equation for a particular pair of ages can then be converted back to a correlation using the formula:
exp(2Z)-1 r= exp(2Z) + 1 and substituted into equation (1).
To validate the method, pairs of weights for both Cambridge and Newcastle infants are converted to SDSgain using equation (1) . If the equation is appropriate, SDSgain should have a mean of 0, an SD of 1, and it should be uncorrelated with the initial weight SDS1. These assumptions are tested by grouping the weight pairs according to their mean age and time gap, and summarising the mean and SD of SDSgam and its correlation with SDS1 across the groups.
Results Figure 1 shows the UK 1990 weight distance chart for boys in the first two years of life, with the seven centiles 2, 9, 25, 50, 75, 91, and 98; they correspond to SD scores from -2 to +2 spaced two thirds of an SD score apart. '6 Details of how the centile curves are derived are given in the Appendix. Age (months) Figure 1 The UK 1990 boys weight distance chartfrom birth to 2 years, showing the 2nd, 9th, 25th, 50th, 75th, 91st, and 98th centiles, spaced two thirds of an SD score apart. Table 1 Correlation matrix for weight SD score at 15 ages during early childhood, based on data for 223 boys and girls seen on all 15 occasions Figure 2 shows the result for boys, superimposed on the distance weight chart of fig 1,  and fig 3 is The opposite pattern of growth is to grow along a given centile, and if the centile is sufficiently extreme this is also unusual. For example, to stay on the 2nd centile from 4 to 52 weeks is equivalent to a conditional gain SD score of -1-2, equal to the 12th centile. So for (1) can be used to calculate conditional weight gain. However, most infants are not measured at these precise ages, and a way is needed to deal with measurements at other times. This is done by interpolating between the tabulated ages, using a regression model of the transformed correlation as a function of the two measurement ages. Table 3 summarises the fitted regression inodel, which involves logarithmic and inverse transformations of the mean age of measurement and the time gap between measurements.
Put simply, the model shows that the correlation increases as the time gap decreases and the mean age increases. The model fits well, accounting for 99-3% of the variation in the transformed correlation. Using the formula in table 3 and back transforming, it is possible to calculate the value of r in equation (1) is how to display it, ideally on the same charts as weight distance SD score. One way to do this is to plot the weight distance chart as weight SD score (rather than weight itself) against age. This converts the distance centiles of figs 2 and 3 to horizontal lines, and the conditional centiles become symmetric curves that shrink towards the median with increasing age, as shown in figs 4 and 5. Weight can be plotted directly on such a chart using isoponds.18 19 Isoponds are contour lines of constant weight which are superimposed on the chart (falling from left to right, shown dotted), and which are easy to derive from the formulas defining the reference centiles (see Appendix). With weight distance plotted on an SD score, it becomes possible to plot SDSgain on the same scale, so that weight distance and conditional weight gain appear on the same chart. The weight gain calculated between two ages is shown as a horizontal straight line at the appropriate SD score level, extending between the two ages. Figure 6 illustrates such a chart with Newcastle subject 2149, measured eight times between 6 weeks and 20 months. Her conditional gain is enormously variable, with SDSgain in the range +2-5, that is covering the 1st to the 99th centile. However, her conditional gain over the whole 18 month period is obviously unremarkable, as her starting and finishing weights are both near the median.
This highlights the fact that SDSgain measured over short periods of time can be very variable due to measurement error.
The advantage of conditional weight gain is that it can be calculated over longer time intervals, to reduce the effect of measurement error. Figure 7 extends fig 6 by showing subject 2149's conditional weight gain calculated for all 28 pairs of measurement occasions. The rising trend from 6 weeks to 5 months emerges as very unusual, with SDSgajn=+3, while both the falling trend between 6 and 9 months (SDSgain=-2-5), and the rise from 9 to 12 months (SDSgain=+2 3), are also atypical.
Despite this, the conditional gain from 6 weeks to 20 months is quite unexceptional, with Age (months) Age (months) Figure 6 A Newcastle infant's series of weights plotted on Figure 7 The same chart asfig 6 The most important aspect of the distribution of SDSgain is its SD. If the SD is inflated, the distribution is widened and there are a larger than expected number of extreme gains. For example about 2-3% of gains should be below SD score -2, but if the SD of SDSgain were 1*1 rather than 1, this figure would increase to 3-4% -some 50% bigger. The message is that unless the SD is close to 1, caution is needed when interpreting low values of SDSgain -they need to be very low before they are taken too seriously.
The conditional centiles in figs 2-5 are drawn assuming that each child is measured four weekly throughout the first year. However, the measurements could equally have been say every eight, 12, or 24 weeks. Calculating regression to the mean for these various measurement intervals uses different sets of correlations in table 1. For example the 4 and 52 week measurements have a correlation of 047, as compared with the value of 064 obtained by multiplying together all the four week correlations. Equally the correlations for measurements at 4, 28, and 52 weeks estimate regression to the mean from 4 to 52 weeks as 0-51.
This discrepancy arises because, strictly speaking, weight is better predicted if more than one previous weight is used. It is a small effect, but it highlights the difficulty of constructing a conditional gain chart. If the centiles were based on measurements say eight or 12 weeks apart rather than four, regression to the mean would be greater. The lowest conditional centile curve in fig 2 regresses to the mean from -2 to -1 28 over the first year, using the factor of 064, while if the direct 4-52 week correlation of 047 were used (as it should be), the 52 week SD score would be -094 rather than -1-28, half a centile channel higher. It is not an enormous discrepancy, but it shows that the chart is a compromise. The correct way to adjust for regression to the mean between two ages is to use equation (1) , and a computer is better than a chart for this. The value of the chart is that it displays a conservative estimate of regression to the mean.
The approach presented here is specifically targeted at weight during infancy. However, it can be applied equally to height during childhood,21 when surveillance for short stature is the main concern. The principle of extending the time period leads naturally to the concept of conditional height gain measured over two or three years rather than the usual 1, for example, between the toddler stage and school entry.
In the future there will be specialist software which will do the calculations and draw the chart on the computer screen -all that is needed is a suitable spreadsheet macro. The conditional gain SD score associated with each pair of measurements could be displayed by colour coding the line joining them. A useful start in this respect is the Castlemead growth program,22 which converts measurements to SD scores using a suitable reference, and then plots the SD score against age. However, it would need modifying to calculate and/or display the gain SD score.
In conclusion, the conditional gain reference described here allows weight gain between any pair of ages during infancy to be expressed as a conditional gain SD score, which at last makes infant growth monitoring feasible.
